In atmospheric pressure discharges, such as dielectric barrier discharges (DBDs), it is common to have transient sheaths having electric fields of hundreds of kV cm −1 . With these sheaths, even with short mean free paths, it may be possible to deliver short pulses of energetic ions (tens to hundreds of eV) to surfaces. The energies of these ions can be controlled to some extent by selecting the relative permittivity (ε/ε 0 ) of the underlying surface. In using DBDs to treat sensitive materials or tissue in plasma medicine where control of ion energies may be desirable, one has a very limited ability, if any, to modify the dielectric properties of the tissue. In this paper, we use results from a computational study to propose a method to control the characteristics of the transient sheath formed at the surface of sensitive materials or biological tissue by using a thin porous film placed on top of the surface. By controlling the transient sheath, one can control the ion energies delivered to the surface. We show that ion energies delivered to the underlying surface through the pores can be controlled by the capacitance and thickness of the film and the width of the pore. Results are discussed for streamer penetration and ion energies delivered to the surface when the plasma filament directly strikes the pore and is offset from the pore.
Introduction
Plasmas generated in atmospheric pressure dielectric barrier discharges (DBDs) are frequently used to functionalize the surfaces of polymers and are now being investigated for treatment of living tissue in the context of plasma medicine [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Surfaces in contact with DBDs are simultaneously exposed to chemically reactive neutral radicals produced by the discharge, UV radiation and ion bombardment. Recently, there have been extensive studies on production of radicals from atmospheric pressure plasmas as might be used in plasma medicine applications [5, 11, 12] . However, the role of kinetically energetic particles, such as ions produced by the 1 Author to whom any correspondence should be addressed. plasma, is less thoroughly investigated. Ions having energies of many keV are capable of sputtering cell membranes and biological tissue, though these energies are well beyond those expected in DBDs [9] . It has been proposed that the therapeutic effects of cold atmospheric plasmas in direct contact with living tissue may be partly attributed to less energetic ions impinging onto wounds and tissue surfaces [8] . Although these ions probably do not penetrate beyond the top layers of cells, their energetic fluxes are non-negligible.
In our previous work [13] , we found that nanosecond pulses of ions with energies in excess of tens of electron volts (eV) can be delivered to the surfaces of dielectrics by DBDs. Although the mean free path of ions at atmospheric pressure is <1 µm, the formation of transient sheaths at the dielectric surface with electric fields of hundreds of kV cm −1 is capable of delivering these energetic ions. Little is known about the consequences of ions of tens to a hundred eV incident onto biological surfaces, however recent molecular-dynamics simulations of lipid-like materials resembling cell members indicate that these ions are not benign [14] and may produce significant sputtering of carbon atoms. These results motivate one to devise the means to control these ion energies.
In this regard, we found that ion energies delivered onto dielectric surfaces can be controlled to some extent by layering the dielectric substrate [13] . In this manner the applied voltage is divided between the resistance of the plasma column, the sheath at the dielectric surface, and the layered capacitances of the substrate. By varying the dielectric constant of the material underlying the top surface to be treated, as might be possible in the treatment of thin polymer sheets, the energies of ions incident onto the top surface can be controlled. If the surface being treated is bulk material, for example human tissue, one unfortunately has a very limited ability, if any ability at all, to change the dielectric properties under the surface to be treated to in order to control the ion energies delivered to the top surface.
In this paper, we use results from a computational investigation to propose a method to control the transient sheath formed at the surface of sensitive bulk materials and biological tissue by atmospheric pressure plasmas such as DBDs. By controlling the transient sheath, one can control the ion energies delivered to the surface. In this method, a thin dielectric film is placed on the surface. The film has small holes through which the plasma streamers can partially penetrate. We show that ion energies can be controlled by the capacitance and thickness of the film and the size of the hole. A film having a large permittivity expels the electric field. If the size of the pores in the film are smaller or commensurate with the width of the filament, the sheath is moulded over the surface of the pore and the potential expelled from the dielectric is partly retained in sheath, thereby increasing the electric field in the sheath. By varying the permittivity of the dielectric sheet, this electric field can be controlled and so the ion energies incident onto the underlying surface through the pores can be controlled as well.
The model used in this investigation is briefly described in section 2. We discuss ion energy and angular distributions (IEADs) delivered to the underlying surface covered by a thin porous dielectric film for plasma filaments arriving directly over the pore in section 3. A discussion of IEADs for filaments not directly over the pore is in section 4. Our concluding remarks are in section 5.
Description of the model
IEADs delivered by plasma filaments to underlying materials in DBDs intersecting with a thin porous dielectric film was computationally investigated using the modelling platform, nonPDPSIM. This model is the same as used in [13] [14] [15] , and so will be only briefly discussed here. nonPDPSIM is a two-dimensional simulation implemented on an unstructured numerical mesh in which Poisson's equation and transport equations for charged and neutral species are solved. Poisson's equation is solved throughout the entire computational domain (except in metals where the potential is specified as a boundary condition). Continuity equations for gas phase charged and neutral particles are only solved outside solid materials while conservation equations for surface and volume charge are solved on and inside all non-metallic materials. The unstructured mesh consisted of approximately 8100 nodes, of which about 6000 are in gas phase regions where plasma may exist. The plasma is sustained in 1 atm of dry air having N 2 /O 2 = 80/20. The species included in the model and the reaction mechanism are similar to those discussed in [14] .
IEADs to surfaces are computed using the plasma chemistry Monte Carlo module (PCMCM), as described in [13] . The mesh spacing for the PCMCM used to model the kinetic transport of ions into the surface was 0.25-0.5 µm.
A schematic of the model geometry for DBD treatment of, for example, skin through a porous dielectric film is shown in figure 1 . The entire computational domain is 5.5 mm × 2 mm. The materials underlying the film are dielectrics having the electrical properties approximating that of human skin. (The epidermis and dermis are not resolved at the cellular level). The dermis has relative permittivity ε/ε 0 = 3 and the epidermis, 127 µm thick, has relative permittivity ε/ε 0 = 4.
The upper powered electrode is covered with a 80 µm thick dielectric separated by 1 mm from the thin film. The upper electrode at the top of the computational domain was powered while the boundary of the bottom of the computational domain was grounded thus imposing Dirichlet boundary conditions. The left and right boundaries used von Neumann boundary conditions. The positive filaments are initiated by a small cloud of seed electrons and N + 2 placed near the upper dielectric having a peak density of 10 9 cm −3 and a Gaussian profile (50 µm in the horizontal direction and 100 µm in the vertical direction). The filament is then naturally sustained by its own space charge driven electric field and by secondary emission from surfaces. The opposite dielectric is initially uncharged and the DBD voltage is +15 kV. The filaments are launched directly over a pore in the thin film or shifted a few hundred micrometres to the left of the pore. The porous thin film has thickness of 50 µm. The width of the pore is 100-150 µm, at the top with the exposed skin being 25-50 µm at the bottom. The porous film has a dielectric constant of 2, 8, 16, 32 or 80. IEADs are averaged over the exposed skin between points A and B (shown in figure 1(b)) with respect to the normal perpendicular to the skin surface. Ions arriving to the right of the normal have positive angles, while ions arriving to the left have negative angles. Throughout this paper, the surface treated, the exposed surface, is the surface of the underlying polymer (or skin) which is exposed by the opening in the pore. This is the surface line between A and B shown in figure 1(b).
IEADs through a pore to underlying skin
The shape of the sheath, the distribution of electric field within the sheath and the mean free path for ions traversing the sheath generally determines the characteristics of IEADs arriving onto the surface. In this case, the shape of the sheath can be influenced by the pore topology, the dielectric constant and conductivity of the thin film and the epidermis and dermis layers underneath the dielectric film. If the size of the sheath is commensurate to the size of the pore, the sheath may conformally adhere to the contour of the pore (often referred to a plasma moulding) which then modifies the orientation of the electric field and ion trajectories [16] . This is particularly the case in low-pressure plasmas where plasma moulding around and into corners generally determines the shape of IEADs to the underlying materials [17, 18] .
In the heads of filaments in DBDs, an ionization wave, electric fields can exceed 200 kV cm −1 when the filament is far from a surface. When the filament strikes the surface, the voltage across the head of the filament is transferred to sheath that forms at the surface and if the underlying material is a dielectric, into that material. The degree of electric field compression depends on the dielectric constant ε/ε 0 of the surface. Upon intersection of the filament with the surface, the electric fields in the sheath can exceed 400-800 kV cm −1 . Since materials having larger ε/ε 0 tend to exclude electric field lines, the electric field in the sheath captures more of the transferred voltage and so the field in the sheath is larger when intersecting materials with larger ε/ε 0 . When accelerated in these fields, ions can gain energies across their mean free path (0.5-1 µm) up to tens of eV for dielectrics striking materials with low ε/ε 0 and up to a hundred eV for striking dielectrics with high ε/ε 0 [13] .
Positive plasma filaments are launched from the upper dielectric directly over a pore with an exposed width of 50 µm. The powered electrode voltage is 15 kV. The evolution of electron density and electron impact ionization sources, S e , are shown in figure 2 on streamer and pore spatial scales. The enlargement in the pore also shows electric field vectors and electric potential contours. Typical maximum plasma densities are 5 × 10 14 cm −3 . When the plasma strikes the surface of the film, the plasma spreads over the surface as a surface resident ionization wave and penetrates into the pore. The surface streamer spreads to a width of 3 to 5 mm in about 3.3 ns. In a multi-filament DBD, the intersection of adjacent surface streamers likely prevents excessive spreading of plasma on the dielectric resulting in self-organized plasma spots [19, 20] . Since the size of the pore is commensurate to the width of the streamer and much larger than the Debye length, the streamer is able to penetrate into the pore. In doing so, a sheath is conformally produced along the boundary of the pore, compressing potential contours, and reorienting the direction of the electric field to be nearly perpendicular to the surface (as also shown in figure 1(c) ).
The electron impact ionization sources, shown in figure 2(b), are indications of the location of the avalanche front in the bulk and surface streamers. This intense electron impact ionization, up to 9 × 10 25 cm −3 s −1 , takes place in the head of the streamer when the filament is far from the surface. As the streamer intersects the surface, charging of the surface produces electric field components parallel to the surface, which then spreads the plasma towards uncharged surfaces. This is accompanied by an ionization wave along the surface with speeds up to 1.4 × 10 8 cm s −1 . The ionization sources also penetrate into the pore, first in the volume of the pore and then dominantly in the sheath. This ionization source close to and in the sheath provides a local source of ions that can be accelerated by the sheath into the exposed surface of the underlying skin.
When the filament strikes a flat surface, the majority of the applied voltage is momentarily transferred to the sheath formed at the surface. This results in electric fields in the sheath being many hundreds of kV cm −1 lasting for a few ns. The voltage dropped across the sheath is in part determined by voltage division between the underlying surface and the sheath. If the surface is multi-layered (as is the case here when Figure 2 . Time sequence of (a) electron density and electric field vectors and (b) electron impact source and potential lines for a positive filament arriving directly over a pore in the thin film (ε/ε 0 = 2). As the plasma filament (conditions: dry air, +15 kV) approaches the pore, the plasma penetrates the pore and spreads over the dielectric. The contours are plotted on a log scale over three decades with the maximum value shown in each frame. All the frames have the same horizontal and vertical scale. a film is placed on top the skin), the voltage division will be between the stack of capacitance. Less voltage is dropped across surface films having larger capacitance, that is larger values of relative permittivity ε/ε 0 , and so a larger proportional voltage is dropped across the sheath. If one of the materials is resistive, additional voltage is dissipated across that resistance.
When the filament intersects a surface having a pore that is commensurate to the thickness of the sheath, the sheath will conformally line the pore. For example, the moulding of the sheath over 50 and 25 µm pores in films having ε/ε 0 = 2 and 32 is shown in figure 3 where the magnitude of the electric field and electric potential contours are plotted. The potential contours that are expelled from the film and are contained in the sheath on the top flat surface tend to follow the sheath into the pore. This results in an electric field in the sheath on the surface of the exposed skin being similar, and in some cases larger, than that on top of the film. The higher the dielectric constant of the thin film, the more potential lines are expelled from the interior of the film and are captured in the sheath within the pore. The potential drop across the sheath lining the 50 µm pore is 1 kV for a film with ε/ε 0 = 2 and 2 kV for a film with ε/ε 0 = 32.
The voltage drops across the sheath are functions of the pore size. The sheaths lining smaller pores retain more of the expelled potential and so produce larger electric fields. For example, the potential drop across the sheath lining the 25 µm pore is almost 2 kV for the film with ε/ε 0 = 2 and 2.5 kV for the film with ε/ε 0 = 32. (See figure 3 .) The properties of the sheath are mostly determined by the material properties of the porous film rather than the properties of the underlying tissue being treated. Note, that the width of the pores should not greatly exceed the thickness of the sheaths. In cases where the width of the pore is much larger than the width of the sheaths, the properties of the sheath on the skin are largely determined by the properties of the tissue itself and not the film.
With potential drops of 2-3 kV in the sheath, the sheath thickness is a few tens of µm. This results in electric fields of the order of a few hundreds of kV cm −1 lasting for many ns. With mean free paths below 1 µm for ions at atmospheric pressure, one might expect ion energies of up to tens of eV incident onto the exposed surface produced by acceleration in the sheath. The time evolution of IEADs for O + 2 incident onto the exposed surface of a 50 µm pore for films with various dielectric constants is shown in figure 4 . (IEADs are averaged between A and B indicated in figure 1(b) .) The times for which the IEADs are recorded correspond to the time frames shown in figure 2 . Prior to the filament arriving at the surface of the film (t < 2.5 ns), a small flux of ions to the surface is produced by photoionization ahead of the filament. These ions drift in the local electric field at the surface, <60 kV cm −1 , unperturbed by net charge density and arrive on the surface with energies not exceeding 1 eV. These energies are essentially the same as given by the effective temperature of ions drifting in an electric field (3/2k B T eff = 3/2k B T I + 1/2Mv 2 D , T I = ion temperature, T eff = effective ion temperature, v D = drift velocity) [21] . The IEADs have a V-shape for high permittivities of the film, a consequence of ions striking near the edge of the pore where the electric field is oriented at an angle from the vertical. (See figure 1(c).) When a filament strikes the exposed surface at the bottom of the pore, the ion energies striking that surface increase up to 40 eV for the film having ε/ε 0 = 2. The maximum ion energy increases with increasing dielectric constant of the film up to ε/ε 0 > 16 for which ion energies exceed 100 eV, as shown in figure 5 . Maximum ion energies as a function of pore width and ε/ε 0 of the film are shown in figure 6 . For ε/ε 0 > 16 ion energies do not appreciably increase, a consequence of the majority of the potential lines having already been expelled from the film. The sheath is sufficiently thick (20-30 µm) that ions cannot collisionlessly traverse the sheath, and so arrive at the surface with energies significantly below the sheath potential of a few kV. The sheath is collisional for electrons as well and so ionizing collisions occur within the sheath. The IEADs have a low energy component resulting from ions formed close to the surface or having their last collision in close vicinity of the surface (hundreds of nm). The IEADs also have a high energy component resulting from ions having had a free flight of their full mean free path (about 0.5 µm). The surface at the bottom of smaller pores with the same dielectric constant receive more energetic ions, as shown in figures 5 and 6. Less moulding of the sheath into the smaller pore results in more electric potential lines being retained in the sheath.
When averaged over the exposed surface at the bottom of the pore, the IEADs have V-shapes with the highest energy for ions being incident at non-normal angels. This results from the finite thickness of the sheath attempting to mould over the curvature of the pore, which then produces curvature in the equipotential lines above the exposed surfaces, as shown in figure 3 . The resulting electric field vectors intersect the surface at non-normal angles. (See figures 1(c) and 2.) . Maximum ion energy incident on the exposed surface (the line AB indicated in figure 1(b) ) as a function of dielectric constant for the film for 25 and 50 µm pores .
IEADs from filaments shifted from the pore
It is likely that plasma filaments will strike the film at locations shifted from the axis of the pore. IEADs were therefore investigated for filaments striking 300 and 600 µm from the centre of the pore. The evolution of electron density and ion sources for the filaments striking 300 µm to the left of the 50 µm pore is shown in figure 7 . The overall behaviour of the filament (as indicated by [e] and S e ) is nearly indistinguishable from the case where the filament is directly over the pore. As the plasma spreads along the surface with a sheath thickness of about 30 µm, the surface filament enters into the pore. The enlarged images of the pore in figure 7 show the plasma entering into the pore from the left side. The electric potential and electric field vectors are skewed towards the right inner surface of the pore, which preferentially produces ionization on the right side. This asymmetry results from the horizontal components of the electric field at the head of the surface discharge as it spreads on the surface. As the filament fills the pore and the surface discharge is on both sides of the pore, much of this asymmetry dissipates.
IEADs produced by filaments shifted from the pore by 300 and 600 µm for thin films with ε/ε 0 = 2 and 32 are shown in figure 8 . Before the plasma covers the pore (t < 2.5 ns) ions arrive on the treated surface at grazing angles. After the plasma covers the pore and a steady state sheath is formed (albeit for only a few ns), the IEADs are almost symmetric at high energies. However, for lower and thermal ion energies, the IEADs are shifted to positive grazing angles. This asymmetric IEAD results from the lateral components of the electric field which spreads the plasma on the surface.
Additional simulations (not shown here) with pores shifted by 900 µm were also conducted. We found that there is no significant decrease in the energy of ions delivered into pores for filaments shifted by as much as 900 µm from the pore. As long as the voltage drop along the surface of the film as the filament spreads is small compared to applied voltage, the lateral electric field producing the spreading ionization wave will not significantly change. As a result, the sheath forming in the pore will not significantly change. The filaments in DBDs operating at a few tens of kV have separations no greater than 500 µm to 1 mm. As such, we might expect that the exposed bottom of the pore will be uniformly treated. In actual treatment of a surface, the film may have many pores to treat a large area. As a result the spreading filament will move into and out of many mores. We conducted simulations where the filament spread into and out of two pores separated by 600 µm, and found no significant difference in the IEADs delivered into the pore.
Concluding remarks
Even with a mean free path of less than a micron, ion energies delivered to surfaces by the large electric fields of DBD filaments can exceed many tens of eV. In the context of surface treatment, and plasma medicine in particular, it may be desirable to control these ion energies. We proposed a method of controlling IEADs to the surface by use of a porous dielectric thin film. By changing the dielectric constant and width of the pores, one can control the energies of ions incident onto the underlying surface. The maximum energies delivered to the exposed surface generally increase with increasing ε/ε 0 of the film and decreasing width of the pore. These trends apply for conditions where the plasma filament strikes the pore and when the spreading surface discharge flows into the pore. Since the pores will expose only a fraction of the underlying surface even with a film having many pores, uniform treatment will require that the porous film be translated during treatment. The total fluence to any given surface site will then be smaller compared to uncontrolled treatment. However, the advantageous tradeoff is that one is able to control the ion energies. The simulations reported here addressed conditions correlating to dry skin having a finite conductivity. It is true that treating wounds may involve wet surfaces having higher conductivity. We do not expect the trends reported here to depend critically on the wetness or dryness of the underlying material, as control of the IEADs depend on voltage division between the film and the plasma sheath.
